Covertly directing visuospatial attention produces a frequency-specific modulation of neuronal oscillations in occipital and parietal cortices: anticipatory alpha (8 -12 Hz) power decreases contralateral and increases ipsilateral to attention, whereas stimulus-induced gamma (Ͼ40 Hz) power is boosted contralaterally and attenuated ipsilaterally. These modulations must be under top-down control; however, the control mechanisms are not yet fully understood. Here we investigated the causal contribution of the human frontal eye field (FEF) by combining repetitive transcranial magnetic stimulation (TMS) with subsequent magnetoencephalography. Following inhibitory theta burst stimulation to the left FEF, right FEF, or vertex, participants performed a visual discrimination task requiring covert attention to either visual hemifield. Both left and right FEF TMS caused marked attenuation of alpha modulation in the occipitoparietal cortex. Notably, alpha modulation was consistently reduced in the hemisphere contralateral to stimulation, leaving the ipsilateral hemisphere relatively unaffected. Additionally, right FEF TMS enhanced gamma modulation in left visual cortex. Behaviorally, TMS caused a relative slowing of response times to targets contralateral to stimulation during the early task period. Our results suggest that left and right FEF are causally involved in the attentional top-down control of anticipatory alpha power in the contralateral visual system, whereas a right-hemispheric dominance seems to exist for control of stimulus-induced gamma power. These findings contrast the assumption of primarily intrahemispheric connectivity between FEF and parietal cortex, emphasizing the relevance of interhemispheric interactions. The contralaterality of effects may result from a transient functional reorganization of the dorsal attention network after inhibition of either FEF.
Introduction
To cope with a constant stream of visual information, it is necessary to actively select and prioritize certain incoming stimuli. Humans are able to voluntarily shift their attentional focus in visual space without moving their eyes (Posner, 1980) , which enables enhanced processing of visual input from task-relevant locations and suppression of distracting input from task-irrelevant ones (Kastner and Ungerleider, 2000) .
Numerous magneto/electroencephalography (M/EEG) studies suggest that alpha (8) (9) (10) (11) (12) oscillations support covert attention. Visual alpha power decreases in anticipation of a target but increases in anticipation of a distractor (Worden et al., 2000; Kelly et al., 2006; Händel et al., 2011; Bonnefond and Jensen, 2012) . Covertly shifting attention to either visual hemifield produces retinotopically specific modulations of alpha power with a relative decrease contralateral to the attended hemifield, complemented by an ipsilateral increase (Worden et al., 2000; Thut et al., 2006; Händel et al., 2011) . Successful anticipatory alpha lateralization predicts performance on attentional tasks (Thut et al., 2006; Händel et al., 2011) . In parallel, visual selective attention boosts the gamma-band (Ͼ40 Hz) oscillatory response to a stimulus (Müller et al., 2000; Fries et al., 2001) , and stimulus-induced gamma power predicts subsequent task performance (Siegel et al., 2008) .
These oscillatory mechanisms must be under top-down attentional control, likely implicating the dorsal frontoparietal network, consisting of bilateral frontal eye fields (FEFs) and intraparietal sulci (IPS; Corbetta and Shulman, 2002) . The FEF is strongly active during covert attention (Gitelman et al., 1999; Kastner et al., 1999) , and stimulation of the FEF disrupts visual discrimination performance (O'Shea et al., 2004) and modulates visual cortex activity both in monkeys (Moore and Armstrong, 2003; Premereur et al., 2013) and in humans (Ruff et al., 2006; Taylor et al., 2007) . Transcranial magnetic stimulation (TMS) in humans has further demonstrated asymmetric effects on visual detection performance (Grosbras and Paus, 2003; Duecker et al., 2013) , visual cortex excitability (Silvanto et al., 2006) , and topdown attentional control (Hung et al., 2011) , with right FEF often affecting both hemifields, and left FEF only the contralateral hemifield, suggesting some right hemispheric dominance. Accordingly, previous TMS-EEG studies have focused on right FEF involvement in attentional control via modulation of alpha oscillations (Capotosto et al., 2009; Sauseng et al., 2011) and neglected any potential left FEF contributions. Furthermore, although FEF microstimulation has been shown to increase stimulus-induced gamma power in monkey parietal cortex (Premereur et al., 2012) , the involvement of FEFs in controlling attentional modulations of gamma power remains unknown.
To investigate the respective roles of left and right FEF in top-down control over both anticipatory alpha and stimulusinduced gamma oscillations, we combined functional magnetic resonance imaging (fMRI)-guided TMS with magnetoencephalography (MEG). Using continuous theta burst stimulation (cTBS), we applied transient offline inhibition to the left FEF, the right FEF, or scalp vertex (as a control condition) in separate sessions before participants performed a cued visuospatial attention task in the MEG. We hypothesized that transient inhibition of left or right FEF would produce hemisphere-specific disruptions of attentional modulation of alpha and gamma oscillations.
Materials and Methods
Participants. Twenty right-handed healthy participants with normal or corrected-to-normal vision (14 females, 6 males) took part in the exper-iment. All participants conformed to standard exclusion criteria for fMRI, MEG, and TMS. Informed consent was obtained according to the Declaration of Helsinki. The study was approved by the local ethics committee. One participant was excluded from analyses due to excessive head movements (Ͼ1 cm) during MEG measurement leaving data from 19 participants to be analyzed.
Procedure. All participants took part in four experimental sessions on 4 separate days ( Fig. 1B) . During Session 1, the anatomical locations of the FEFs in each participant were determined functionally by fMRI (20 min), and motor thresholds were determined individually to set TMS intensity. Sessions 2, 3, and 4 were counterbalanced in order and separated by at least 7 d. The procedure for these sessions was as follows: the participant was prepared for entering the MEG, taken to an adjacent lab where cTBS was applied to one of the three target sites (left FEF, right FEF, vertex), and then brought back to the MEG lab and placed inside the MEG where s/he performed a cued spatial attention task. Average time between delivery of cTBS and start of the MEG task was 6.6 min (max 9.6 min). Average time between delivery of cTBS and completion of the MEG task was 29.5 min (max 35.3 min). The MEG acquisition sessions were kept deliberately short due to one previous study indicating a window of efficacy of cTBS to the FEF of ϳ30 min .
Attention task. During MEG data acquisition, participants performed a cued spatial attention task (Fig. 1A) . Each trial began with a brief (100 ms) auditory cue tone (high: 440 Hz; low: 880 Hz) instructing participants to covertly attend to one of two luminance pedestals in the lower left and lower right quadrants of the screen. The pedestals were presented 3.2 degrees of visual angle below the horizontal meridian, and 4.8 degrees to the left and right of the vertical meridian. Tone-direction mappings were counterbalanced across participants. Cues were 100% valid. After a cue-target interval of 1500 ms a target Gabor patch (2.5 cycles/°visual angle) was presented at each luminance pedestal. The cued patch was always tilted 45°either clockwise or counterclockwise from vertical. The Each trial began with an auditory cue (high or low tone) instructing participants to covertly attend to the luminance pedestal in either hemifield. Left and right attentional cues were presented pseudorandomly. Following a 1.5 s interval oriented Gabor patches appeared in both pedestals. Participants had to discriminate the orientation of the cued patch (45°clockwise or anticlockwise from vertical) while ignoring the uncued distracter patches (0°or 90°from vertical). In the fMRI version of this task, used to localize the FEF for TMS, participants completed short (22 s) blocks consisting of spatially cued trials contrasted with blocks of nonspatially cued trials. B, Experimental time course. Participants completed four experimental sessions. In Session 1, left and right FEF were functionally localized based on the attention task performed in the MRI scanner, and the active motor threshold to titrate TMS intensity was determined for each individual. Sessions 2, 3, and 4 consisted of cTBS to one of the three target sites (order counter-balanced across participants and separated by at least 1 week) followed by performance of the attention task during MEG recordings. C, fMRI localizer. Individual TMS target sites for left and right FEF stimulation are shown, superimposed on a standard brain, as derived from the peak voxels within anatomical constraints of the "shift attention" versus "hold attention" contrast of the fMRI localizer task. D, Group fMRI activation map for the contrast SHIFT Ͼ NO-SHIFT (t values). Map is thresholded at p Ͻ 0.001 (uncorrected).
distractor patch was either horizontal or vertical. Patches were displayed for 60 ms (4 screen refreshes) before being masked by a composite patch for 60 ms, created by the convolution of all four possible Gabor patches. Participants were instructed to report the orientation of the target patch with a button press using the index and middle fingers of the right hand (clockwise ϭ middle finger, counterclockwise ϭ index finger). Participants were instructed to perform the task as quickly and accurately as possible. Participants completed five blocks of 68 trials. Total task duration was 25 min. An adaptive staircase procedure (Watson and Pelli, 1983 ) was used to adjust target contrast at the beginning of each session before the application of TMS. Participants performed one block of trials where contrast threshold was adjusted in the MEG environment to converge on 70% correct performance. Contrast for left and right stimuli were matched. Mask contrast remained constant at 90% of maximum contrast.
During the fMRI localizer session, participants performed an adapted version of the task. In this version, participants completed short (20.7 s) blocks of two types. During SHIFT blocks, high or low tones were presented instructing participants to covertly attend to the left or right hemifield. During NO-SHIFT blocks, tones of intermediate pitch (660 Hz) were presented which did not carry spatial information; they signaled an upcoming target but could not be used to allocate attention to either hemifield. The contrast between brain activity in the SHIFT versus NO-SHIFT blocks was used to functionally localize the FEFs. Each block was directly preceded by a brief (2 s) instruction indicating the block type. Participants completed 44 blocks of six trials. Total task duration was 18 min.
TMS. TMS was delivered with a biphasic pulse configuration using a MagVenture C-B60 Butterfly coil connected to a MagPro-X100 stimulator (MagVenture). Coil position and orientation were established and kept constant at individually determined target sites by means of a frameless stereotactic neuro-navigation system (Localite TMS Navigator) after coregistration of individual MRI scans.
During the localizer session, the active motor threshold (aMT) was determined for each individual according to standard procedures (Rossini et al., 1994) . Electromyography was recorded from the first dorsal interosseous (FDI) muscle of the right hand in a belly-tendon montage at 2 kHz sampling rate and bandpass filtered at 10 -1000 Hz using an EKIDA DC amplifier (Ekida GmbH). Motor-evoked potentials (MEPs) in response to single-pulse TMS were measured as peak-to-peak amplitude. The TMS coil was positioned tangentially to the skull above the hand area of the left primary motor cortex with the handle pointing backward and laterally at an angle of ϳ45°to the sagittal midline, inducing an electrical current in the brain tissue with the reversal phase of the biphasic stimulus having a posterior-to-anterior (p-a) direction, perpendicular to the central sulcus. This induced current direction is known to be optimal for evoking motor responses in the contralateral hand (Mills et al., 1992) . The location and exact coil orientation at which TMS pulses at an intensity slightly above each individual's aMT consistently yielded MEPs in the contralateral FDI muscle was defined as the "FDI motor hotspot." Participants were then asked to grip a tape roll in a manner producing optimal contraction of the FDI muscle and continuously contracted at 10% of maximum (maintained via visual feedback), while single TMS pulses were delivered to the FDI motor hotspot every 4 -6 s. Stimulator output intensity was then decreased progressively until a MEP was observed on 5 of 10 trials. On average, aMT was 29 Ϯ 5% (mean Ϯ SD) of maximum stimulator output.
In all experimental sessions, cTBS was delivered to one of the three target sites, i.e., left FEF, right FEF, vertex. Left and right FEF target coordinates were determined from individual fMRI localizers (see fMRI data analysis; Fig. 1C ,D), with the coil orientation adjusted individually to induce an electrical current in the brain tissue with the reversal phase of the biphasic stimulus having a p-a direction, perpendicular to the precentral sulcus. The vertex target coordinate was defined as the junction of the two central sulci taken from the individual structural MRI and the coil position was adjusted to produce a p-a current in the brain tissue. cTBS consisted of short 50 Hz bursts of three pulses applied at a frequency of 5 Hz (i.e., a 200 ms intertrain interval) for 40 s (i.e., 600 pulses in total) at 80% aMT (Huang et al., 2005) . During cTBS and for 1 min afterward participants remained seated and maintained fixation.
fMRI data acquisition. Participants completed an fMRI version of the cued attention task, which was used to localize left and right FEF (see above). fMRI data were acquired using a 1.5T Avanto MRI scanner (Siemens) using a multi-echo (Poser et al., 2006) echoplanar sequence (TR ϭ 2.18 s, TEs ϭ 9.4, 21.2, 33 and 45 ms, flip angle ϭ 90°, 31 axial slices, slice thickness ϭ 3 mm, FoV ϭ 224 ϫ 224 mm, in plane voxel size ϭ 3.5 ϫ 3.5 mm). A high-resolution T1-weighted image (TR ϭ 2250 ms, TE ϭ 2.58 ms, flip angle ϭ 15°, 208 sagittal slices, in plane voxel size ϭ 1 ϫ 1ϫ1 mm, FOV ϭ 224 ϫ 224 mm) was acquired for coregistration of functional images, TMS neuro-navigation and MEG source analysis.
MEG data acquisition. Participants were seated upright in the MEG system with their arms positioned comfortably on the armrests beside them. They were instructed not to move during the experiment and to keep fixation on the presentation screen in front of them. Horizontal and vertical eye movements were recorded by electrooculogram and heartbeat was recorded by electrocardiogram. Brain activity was recorded at a sampling frequency of 1200 Hz with a low-pass filter of 300 Hz using a whole-head MEG system with 275 axial gradiometers (CTF MEG systems, VSM MedTech). During acquisition, head position was constantly monitored using a real-time head localizer based on the position of marker coils placed in the ear canals and at the nasion (Stolk et al., 2013) . If necessary (deviation Ͼ5 mm), head position was readjusted according to visual feedback at the end of each block. This allowed for positioning the participants at about the same location in the different MEG sessions.
fMRI data analysis. Image processing and statistical analysis was performed using SPM8 (www.fil.ion.ucl.ac.uk) and MATLAB 2012b (Math-Works). All multi-echo images were realigned to the first image of the series and a weighted image of the four echo images was calculated per TR (Poser et al., 2006) . Functional images were then coregistered to the anatomical T1 image and smoothed using a 6 mm full-width at halfmaximum isotropic Gaussian kernel. For each participant, a fixed effect model was constructed, consisting of two 20.7 s block regressors of interest (SHIFT, NO-SHIFT) plus the instruction as a stick function, each convolved with the canonical hemodynamic response function. In addition, the six realignment parameters were modeled as head movement regressors. A paired-sample t test (SHIFT Ͼ NO-SHIFT) revealed voxels showing a stronger blood oxygenation level-dependent (BOLD) response when shifting attention to either hemifield compared with maintaining attention on both hemifields. Respective peak voxels of left and right FEF clusters (i.e., those directly anterior to the precentral sulcus and lateral to the superior prefrontal sulcus) were used as TMS target coordinates ( Fig. 1C ).
Whereas TMS target sites were determined individually, an additional fMRI group analysis was conducted to demonstrate the recruitment of the dorsal attention network during task performance. For this fMRI analysis, the procedures described above were repeated, but both anatomical and functional images were also normalized to MNI space based on the transformation parameters estimated during segmentation of anatomical images. Individual SHIFT Ͼ NO-SHIFT contrast images were then entered into a second level (random effects) group analysis and tested against zero with a one-sample t test. The resulting t map was thresholded at p Ͻ 0.001 uncorrected ( Fig. 1D) .
MEG data analysis. MEG data analysis was performed using fieldtrip (http://www.ru.nl/neuroimaging/fieldtrip; Oostenveld et al., 2011). All preprocessing steps were performed in a manner blinded to the experimental condition. MEG data were visually inspected and trials containing eye blinks or horizontal eye movements were rejected. Data were further automatically inspected for muscle artifacts and squid jumps. Independent component analysis (Jung et al., 2000) was performed and components reflecting the cardiac response were discarded.
Time-frequency analysis of the sensor level data were performed using Fast Fourier transform, with separate parameters for low (1-30 Hz) and high (30 -100 Hz) frequencies. For low frequencies, Fourier transformed data were multiplied with a Hanning taper using a fixed 300 ms sliding time window moving in steps of 50 ms. For high frequencies, a set of discrete prolate spheroidal tapers (Percival and Walden, 1993) were used, and data were time-resolved using a frequency-dependent time window containing seven cycles at the frequency-of-interest. Data were demeaned and detrended before time-frequency analysis.
To localize sources of both alpha and gamma oscillations we used a DICS beamformer approach (Gross et al., 2001) . A realistic single-shell description of each participant's brain was constructed from the anatomical MRI. The brain volume was divided into an 8 mm 3 grid and normalized to MNI coordinates using a warping procedure. To identify sources in the alpha band, a set of five orthogonal Slepian tapers was used with a center frequency of 10 Hz. For each session, a common spatial filter was constructed using 1000 ms data segments from the cue-target interval (350 -1350 ms after the cue). This resulted in Ϯ4 Hz frequency smoothing. The trials were pooled across both attention left and attention right conditions to create a common filter, which was then used to estimate the spatial distribution of alpha power separately from attention left and attention right trials. To identify sources in the gamma band, a taper set was constructed with a center frequency of 60 Hz and Ϯ20 Hz frequency smoothing. A common filter was constructed by pooling data across pre-(1000 -1300 ms) and poststimulus (1800 -2100 ms) windows, and across attention left and right attention trials, and then used to separately estimate power distributions for all four conditions. This allowed us to estimate both induced gamma power (by comparing prestimulus and poststimulus time windows) and attentional modulation of induced gamma power (by comparing poststimulus activity in the attention left and attention right conditions).
An attentional modulation index was calculated for both alpha and gamma power, separately for every sensor (in sensor space) and for every voxel (in source space). For each participant and session, trials were averaged separately for the attention left and attention right conditions. A common denominator was created for normalization purposes by averaging over attention left and attention right from all three TMS conditions. Subsequently, the modulation index for each TMS condition was calculated as MI j ϭ (Power Attention Left,j Ϫ Power Attention Right,j )/Common Denominator j , where j indicates the sensor or cortical regions for which the power values were estimated. For the purpose of statistically comparing the magnitude of attentional modulation between conditions, modulation indices were calculated as MI j ϭ (Power Attention Contra,j Ϫ Power Attention Ipsi,j )/[Common Denominator j ], where "contra" and "ipsi" refer to the direction of attention relative to the hemisphere from which the data were recorded. Because alpha power modulation is known to be retinotopically specific, showing a relative increase when attention is ipsilateral versus contralateral (Worden et al., 2000) , this index allows for comparison of the degree of attentional modulation observed in each hemisphere.
Analysis of anticipatory alpha oscillations was performed on data from the cue-target interval. Power values were averaged over a 1 s time window from 350 to 1350 ms postcue and across 8 -12 Hz bins. The 350 -1350 ms window was chosen because the 300 ms sliding time window used for time-frequency analysis can lead to contamination from cueand stimulus-evoked responses. Accordingly, we trimmed the first 350 ms (to avoid contamination by auditory cue-evoked responses) and the final 150 ms (to avoid contamination by visual stimulus-evoked responses). For sensor level analysis, left and right hemispheric regions-ofinterest (ROIs) were defined as clusters of 25 matching sensor pairs in the left and right hemisphere that showed the strongest average alpha modulation across all three sessions. For source level analysis, ROIs were defined by extracting the 250 source space points in the left and right hemisphere that showed the strongest average alpha modulation across all three sessions.
Analysis of visual stimulus-induced gamma oscillations at the source level was performed by computing the relative change between the 1000 -1300 ms cue-target interval and the 1800 -2100 ms poststimulus interval as (post Ϫ pre)/pre. Again, ROIs were defined based on this induced response by extracting the 250 source space points in each hemisphere displaying the largest induced gamma response in the average across all three sessions and attentional conditions (see Fig. 6 ). Attentional gamma modulation within these ROIs was then computed using the attentional modulation index described above. Statistical analysis of gamma modulation was performed at source level only, because adaptive spatial filter-ing results in the improved signal-to-noise ratio necessary to optimally characterize activity at higher frequencies (Hoogenboom et al., 2006) .
Behavioral data analysis. Behavioral data were first analyzed in terms of accuracy and reaction times. To quantify attentional biases we further computed a measure of spatial attentional bias according to the formula spatial bias ϭ (mean rt attention left Ϫ mean rt attention right )/(mean rt attention left ϩ mean rt attention right ). This formula gives positive scores for relatively faster reactions to right targets, and negative scores for relatively faster reactions to left targets.
Results
During MEG recordings, an auditory cue instructed participants to attend to the left or the right hemifield. After a 1.5 s interval, two masked target stimuli were presented in the left and right lower hemifield. Participants had to detect and report the orientation of the attended target stimulus. Just before the MEG session the participants had received cTBS to either vertex or the left or right FEFs.
TMS induces transient changes in spatial attentional bias
Participants performed the behavioral task with overall accuracy of 75.48% (left FEF TMS, 75.01 Ϯ 3.05%; vertex TMS, 76.51 Ϯ 2.66%; right FEF TMS, 74.92 Ϯ 3.64%, mean Ϯ SEM). Mean reaction times across sessions were as follows: left FEF TMS, 572 Ϯ 14 ms; vertex TMS 548 Ϯ 19 ms; right FEF TMS, 549 Ϯ 20 ms. Spatial attentional bias was computed separately for each session. Given that TMS was applied offline, any behavioral effects are likely to be maximal immediately after stimulation offset, and to decay over time (O'Shea et al., 2007a) . To test this, spatial attentional bias was computed and contrasted across the early (blocks 1-2, 7-16 min poststimulation) versus late (blocks 4 -5, 21-30 min poststimulation) task periods. Figure 2 shows spatial attentional bias for each session and time period separately. A relative slowing of responses to targets in the hemifield contralateral (vs ipsilateral) to the stimulated FEF was observable in the early blocks which was absent in the late blocks. A 3 ϫ 2 repeated-measures ANOVA with factors TMS (left FEF, vertex, right FEF) and time period (early, late) revealed a significant main effect of time (F (2,36) ϭ 5.25, p ϭ 0.034), with mean attentional bias across all TMS conditions shifting to the right as a function of time. This main effect is consistent with previous work demonstrating that fatigue can cause rightward attentional . FEF TMS induces attentional biases during early task blocks. Spatial attentional bias, comparing "attention left" versus "attention right" trials, was computed separately for each TMS condition and for the early (blocks 1-2) and late (blocks 4 -5) task period. During the early task blocks, attentional bias significantly varied as a function of TMS site; after left FEF TMS participants were relatively slower on attention right trials and after right FEF TMS participants were relatively slower on attention left trials. No difference was observed during late blocks, suggesting that TMS produced short-lasting (up until 16 min post-cTBS) behavioral changes.
shifts (Benwell et al., 2013) . Importantly, a significant interaction (F (2,36) ϭ 5.83, p ϭ 0.006) was also found. Post hoc tests revealed that the interaction was driven by significant differences in the early blocks (F (2,36) ϭ 6.15, p ϭ 0.005), and specifically by a difference between the left FEF TMS and right FEF TMS conditions (t (18) ϭ Ϫ3.01, p ϭ 0.008. No significant differences in attentional bias were observed in the late blocks ( p Ͼ 0.3 in all cases). These results suggest that TMS induced direction-specific biases in the speed of attentional deployment that were present during the early blocks but were attenuated during late blocks.
TMS of left and right FEF disrupts contralateral alpha modulation
Analysis of anticipatory alpha modulation was performed at both the sensor and the source levels with comparable results. Fig. 3 shows time-frequency representations and topographical plots of attentional power modulation (attention to left vs right visual field) at the sensor level during the cue-target interval, separately for each experimental session. Interestingly, on visual inspection, anticipatory alpha power modulation appeared to be absent in some TMS conditions. To test quantitatively for the presence of attentional modulation, we compared the average values from left and right ROIs against zero using one-sample t tests (i.e., from the 25 sensor pairs showing strongest modulation across all three sessions throughout a 1 s window within the cue-target interval; see Materials and Methods). For the control condition following vertex TMS (middle row), there was statistically significant anticipatory alpha modulation both in the left hemisphere (t (18) ϭ 2.11, p ϭ 0.049) and the right hemisphere (t (18) ϭ 4.01, p ϭ 0.001). Surprisingly, following TMS to left FEFs (top row), anticipatory alpha modulation in these sensor ROIs was still observed ipsilateral (t (18) ϭ 2.85, p ϭ 0.011), but no longer contralateral, to the stimulation (t (18) ϭ 0.62, p ϭ 0.54). The same pattern was observed following TMS to right FEFs (bottom row: ipsilateral: t (18) ϭ 2.81, p ϭ 0.012; contralateral: t (18) ϭ Ϫ0.27, p ϭ 0.79). Fig. 4A shows the amount of anticipatory alpha power modulation (attention to contralateral vs ipsilateral visual field) at the sensor level during the cue-target interval extracted from the left and right hemisphere ROIs. To test formally whether the hemisphere of disrupted alpha power modulation depended on TMS site, all three sessions were directly contrasted using a 3 ϫ 2 repeated-measures ANOVA with factors TMS (left FEF, vertex, right FEF) and hemisphere (left, right). The interaction was significant (F (2,36) ϭ 4.88, p ϭ 0.013), with follow-up tests showing conditional main effects of TMS on alpha modulation both in the left (F (2,36) ϭ 4.35, p ϭ 0.02) and right hemisphere (F (2,36) ϭ 3.49, p ϭ 0.041). Further paired t tests then demonstrated that the right hemisphere effect was mainly driven by an attenuation of alpha modulation following left FEF TMS as compared with vertex TMS (t (18) ϭ Ϫ2.23, p ϭ 0.039) and as a trend compared with right FEF TMS (t (18) ϭ Ϫ2.03, p ϭ 0.057). In the left hemisphere, alpha modulation following right FEF TMS was attenuated as com- pared with left FEF TMS (t (18) ϭ Ϫ2.94, p ϭ 0.009) and showed a trend compared with vertex TMS (t (18) ϭ 1.91, p ϭ 0.072).
To test explicitly whether alpha modulation was generally more affected contralateral or ipsilateral to stimulation we used a paired-samples t test to compare the TMS effect on alpha modulation (FEF-vertex TMS) in the hemisphere contralateral (i.e., collapsed across left ROI after right FEF-vertex TMS and right ROI after left FEF-vertex TMS) versus ipsilateral to TMS (i.e., collapsed across left ROI after left FEF-vertex TMS and right ROI after right FEF-vertex TMS). This revealed a significantly larger effect on anticipatory alpha power modulation in the hemisphere contralateral to the stimulated FEF (t (18) ϭ Ϫ3.00, p ϭ 0.008; Fig. 4B ).
Beamformer analysis revealed strong modulation in the alpha band in occipital and right parietal cortex (Fig. 5A) , with a peak in middle occipital cortex in both hemispheres (MNI coordinates: left hemisphere Ϫ32, Ϫ80, 24, right hemisphere 32, Ϫ80, 40). Comparison of modulation in the left and right hemispheric ROIs (i.e., clusters of 250 voxels in each hemisphere showing strongest modulation across all three sessions and a 1 s window from the cue-target interval; see Materials and Methods) confirmed the attenuation of modulation contralateral to TMS, as observed at the sensor level (Fig. 5B ). In the control condition (i.e., following vertex TMS), anticipatory alpha modulation during the cue-target interval was observed in both the left hemisphere (t (18) ϭ 2.21, p ϭ 0.041) and right hemisphere (t (18) ϭ 4.41, p ϭ 0.0003, one-sample t tests). Again, following TMS to left FEF alpha modulation was observed only ipsilateral (t (18) ϭ 3.39, p ϭ 0.003), but not contralateral, to stimulation (t (18) ϭ 0.96, p ϭ 0.35). Likewise, following TMS to right FEF alpha modulation was present ipsilateral to stimulation (t (18) ϭ 3.12, p ϭ 0.006), but not contralateral (t (18) ϭ 1.00, p ϭ 0.33). Again, a 3 ϫ 2 repeatedmeasures ANOVA with factors TMS (left FEF, vertex, right FEF) and hemisphere (left, right) revealed an interaction of hemisphere and TMS site (F (2,36) ϭ 3.44, p ϭ 0.043), and follow-up tests showed, as for the sensor data, strongest effects for TMS in the hemisphere contralateral to the stimulated site: alpha modulation in the left hemisphere was attenuated after right FEF TMS compared with left FEF TMS (t (18) ϭ 2.12, p ϭ 0.048) but did not differ significantly from vertex TMS (t (18) ϭ 1.18, p ϭ 0.25). Alpha modulation in the right hemisphere was attenuated after left FEF TMS as compared with vertex TMS (t (18) ϭ 2.52, p ϭ 0.022) and showed a trend compared with right FEF TMS (t (18) ϭ 1.93, p ϭ 0.069). Again, to test explicitly whether alpha modulation was more affected contralateral or ipsilateral to stimulation we compared the respective differences from control stimulation using a paired- sample t test as described for sensor level data. This test revealed a larger effect of modulation contralateral to stimulation (t (18) ϭ Ϫ2.30, p ϭ 0.034; Fig. 5C ). We therefore conclude that, surprisingly, inhibitory offline TMS disrupted attentional modulation of anticipatory alpha power primarily in the hemisphere contralateral rather than ipsilateral to the stimulated FEF. We attempted to investigate whether the observed TMSinduced changes in attentional biases during early task blocks correlated with TMS-induced alterations to alpha modulation. However no significant correlation was found in the vertex condition ( p Ͼ 0.3 in all cases), limiting the usefulness of comparisons to the FEF TMS conditions.
TMS of the right FEF boosts contralateral gamma modulation
Beamformer analysis of the post-target period revealed a strong stimulus-induced visual gamma band response in both hemispheres. Figure 6A shows the relative change in power in the gamma frequency band following the presentation of the targetmask dyad (based on 20 posterior sensors shown in Fig. 6B ) compared with a prestimulus baseline. This contrast demonstrates a poststimulus gamma power increase localized to the visual cortex in both hemispheres (Fig. 6C) .
Analysis of the gamma modulation data were performed at the source level to ensure optimal signal-to-noise ratio. Figure 7A shows the topography of attentional gamma modulation in the poststimulus period for all sessions. Attentional modulation was present in both hemispheres in all three sessions but appeared largest in the left hemisphere following right FEF TMS. To test this we compared attentional gamma modulation in left and right hemispheric ROIs across conditions (i.e., clusters of 250 voxels in each hemisphere showing the strongest stimulus-induced gamma response across all three sessions; see Materials and Methods). Notably, we found that, by contrast with anticipatory alpha power, which was attenuated by FEF TMS, attentional gamma modulation was enhanced by FEF TMS, selectively in the contralateral left hemisphere following right FEF TMS (Fig. 7B) . A 3 ϫ 2 repeated-measures ANOVA with factors TMS (left FEF, vertex, right FEF) and hemisphere (left ROI, right ROI) revealed a significant interaction (F (2,36) ϭ 4.22, p ϭ 0.023). Follow-up tests revealed an effect of TMS for the left hemisphere only (F (2,36) ϭ 4.17, p ϭ 0.024; right hemisphere F (2,36) ϭ 1.78, p ϭ 0.18), which was driven by enhanced attentional gamma modulation following right FEF TMS (left FEF vs right FEF, t (18) ϭ Ϫ2.48, p ϭ 0.023; vertex vs right FEF, t (18) ϭ Ϫ2.33, p ϭ 0.032). We therefore conclude that, in contrast to anticipatory alpha power, attentional modulation of stimulus-induced gamma was altered only following TMS to the right FEF; specifically, it was enhanced in the left hemisphere, i.e., contralateral to stimulation.
As with the alpha data, we attempted to investigate whether the observed TMS-induced changes in attentional biases during early task blocks correlated with TMS-induced alterations to gamma modulation. However no significant correlation was found in the vertex condition ( p Ͼ 0.18 in all cases), limiting the usefulness of comparisons to the FEF TMS conditions.
Discussion
We demonstrated a causal role of FEF in the top-down attentional control of both anticipatory alpha and stimulus-induced gamma oscillations in the visual system. Whereas alpha power modulation was observed in both hemispheres after vertex stimulation, it was essentially absent in the right hemisphere following left FEF TMS and in the left hemisphere following right FEF TMS. Furthermore, gamma power modulation was selectively increased in the left hemisphere after right FEF TMS only. Behaviorally, TMS of the transiently (up until 16 min post-TMS) altered attentional bias as revealed by slowing of responses to targets in the hemifield contralateral to TMS. Notably, TMS-induced alterations of normal attentional modulation occurred contralateral to the stimulated FEF. The contralaterality of effects challenges the assumption of predominantly intrahemispheric top-down control suggested by within-hemisphere frontoparieto-occipital anatomical (Thiebaut de Schotten et al., 2011) and functional connections (Szczepanski et al., 2013) and emphasizes the relevance of interhemispheric interactions (Kinsbourne, 1977; Knyazeva et al., 1999; Szczepanski et al., 2010) .
Involvement of left and right FEFs in the anticipatory modulation of alpha oscillations
We observed the well established modulation of posterior attentional alpha power in the control condition (vertex TMS), with higher alpha power in one hemisphere when attending the ipsilateral versus the contralateral hemifield (Worden et al., 2000; Kelly et al., 2006; Händel et al., 2011) . However, this modulation was no longer observed in contralateral occipitoparietal cortex following inhibitory TMS of either FEF .
Previous online single-pulse TMS studies comparing the effects of left and right FEF stimulation on visual stimulus detection (Grosbras and Paus, 2003) and phosphene thresholds in area V5 (Silvanto et al., 2006) 
Dominance of right FEF in the attentional modulation of stimulus-induced gamma oscillations
Consistent with previous studies (Müller et al., 2000; Fries et al., 2001; Siegel et al., 2008) , visual stimuli induced a robust visual gamma band response (Fig. 6) , which was modulated by attention ( Fig. 7) , increasing when attending the contralateral versus the ipsilateral hemifield. Notably, only right FEF TMS had an effect on attentional gamma power modulation, enhancing stimulus-induced gamma in the left hemisphere (Fig. 7B) . In contrast to the effects on alpha modulation, the gamma results cohere with previous TMS findings of right FEF dominance (Grosbras and Paus, 2003; Silvanto et al., 2006; Duecker et al., 2013) . Our findings appear commensurate with an interhemispheric inhibition account of FEF function: inhibition of right FEF may have led to the release of the contralateral left FEF from inhibition, and consequently to an increase in frontal top-down control in the left hemisphere, leading in turn to the increase in attentional gamma power modulation that we observed (Fig. 7B ). Such an account could also explain the absence of an effect of left FEF TMS on gamma modulation: whereas TMS of the right FEF may reduce the otherwise strong interhemispheric inhibition of the dominant right FEF over the left FEF, and thus lead to increased ipsilateral (left) modulation, TMS of the weaker left FEF may result in a comparatively smaller release of inhibition over right FEF, with attenuated consequences for gamma modulation.
FEF inhibition transiently alters attentional bias
TMS also produced site-specific changes in spatial attentional bias during early task blocks. Following FEF TMS, subjects became relatively slower on trials requiring covert attention contralateral to stimulation. This mirrors the "classic" finding that FEF disruption impairs contralateral saccades (Sommer and Tehovnik, 1997; Ro et al., 2002) . The attenuation of alpha modulation by TMS, also contralateral to stimulation and thus ipsilateral to the impaired hemifield, suggests that behavioral impairment may have arisen from an inability to block out distracting information, a role in which alpha has been strongly implicated (Bonnefond and Jensen, 2012; Payne et al., 2013 Hubl et al., 2008) or even 16 min as in the present study. Importantly, the duration of cTBS-induced effects may itself be affected by the behavior demanded by the task. That is, tasks that tax the specific function of the stimulated area may not only gradually "reanimate" the transiently inhibited brain region over the course of the task period but also instigate adaptive functional reorganization within the relevant brain networks. Together, these processes may slowly compensate for the neural interference, thus leading to a gradual recovery of behavior over time.
The temporal profile of behavioral interference in the present study suggests such a compensatory process may have occurred (O'Shea et al., 2007a) . However, it remains inconclusive whether the observed pattern of TMS-induced neuronal interference (ie: disruption of contralateral alpha modulation) represents either:
(1) compensatory functional reorganization of the network which leads to behavioral recovery, or (2) a "virtual lesion" type effect, which caused the transient behavioral deficits observed early in the task, and which then persisted as a residual physiological after-effect after behavioral performance had been reestablished. Because of lack of statistical power, it did not prove possible to disentangle these two possibilities by contrasting the MEG data from early versus late task phases. However, the observed effects on alpha modulation appeared to be particularly strong early in the task period, and to weaken over time, perhaps slightly favoring the latter interpretation. Our use of 100% valid cues precluded comparisons of validly versus invalidly cued trials, and thereby the effect of cTBS on the uncued hemifield. This limitation was necessitated by the presumed short window of cTBS efficacy . Furthermore, despite great care being taken to localize the FEF, we cannot rule out the possibility that adjacent sites, such as M1, were unintentionally costimulated (albeit at a lower intensity). However, although M1 inhibition might produce a general slowing, it is unlikely to alter reaction times in a manner dependent on the cued hemifield, which is what we observed. A similar point is true of adjacent dorsal premotor cortex, to which TMS slows choice reaction time with the contralateral hand (O'Shea et al., 2007b) . Because our task required participants to respond with the right middle or index finger, this would predict a selective slowing in the left FEF condition. By contrast, symmetrical slowing effects were observed in response to left and right FEF TMS, which were specific to the location of the target and not the responding hand.
Contralaterality of effects: a network perspective
At first glance, the observed contralaterality of effects on both alpha and gamma modulation may seem surprising considering the prevalence of fiber pathways linking ipsilateral frontal and parietal cortex (Thiebaut de Schotten et al., 2011) . However, effective interhemispheric connectivity between both left and right FEF and contralateral visual cortex has been demonstrated using concurrent TMS-fMRI (Ruff et al., 2006 (Ruff et al., , 2009 . This connectivity may be primarily underpinned by structural connections between left and right FEF. Tracer studies in primates have indicated that 14% of interhemispheric connections originating in FEF in one hemisphere terminate in contralateral homotopic regions (Fang et al., 2008) . Furthermore, TMS of right FEF in humans produced an increase in the BOLD response in both right and left FEF during attentional allocation (Heinen et al., 2014) . Another possibility is that disruption of FEF affects parietal cortices via intrahemispheric corticocortical fiber tracts (Thiebaut de Schotten et al., 2011) , and that interhemispheric dynamics manifest at the level of the parietal and/or occipital cortex via the corpus callosum (Putnam et al., 2010) . Altered parietal interhemispheric functional connectivity accompanies spatial hemineglect following right-hemispheric damage to the ventral attention network and is behaviorally relevant (He et al., 2007) . On the other hand, dynamic causal modeling evidence of the dorsal attention network in the healthy brain during cued top-down attention favored strong reciprocal coupling between left and right FEF rather than left and right IPS (Vossel et al., 2012) . Although our data do not allow us to disentangle the potential routes mediating the effects of FEF disruption, they do extend previous findings of contralaterality. Resting-state fMRI in humans and monkeys revealed robust FEF functional connectivity with contralateral FEF and IPS (Johnston et al., 2008; Hutchison et al., 2012) , which has been observed to break down after corpus callosotomy (Johnston et al., 2008) . Also, recent offline TMS-EEG work has suggested tight functional connectivity between FEF and contralateral IPS: inhibitory cTBS of right IPS reduced alpha band coherence of right IPS and left FEF while increasing it for left IPS and right FEFs (Rizk et al., 2013) .
Conclusion
Bilateral FEF appear to provide top-down attentional control over modulation of oscillatory activity in the visual system. Both left and right FEF seem to play an important role in the top-down control of contralateral anticipatory alpha power modulation, whereas only the right FEF has an impact on the attentional modulation of mainly left hemispheric stimulus-induced gamma oscillations. The contralaterality of these effects may be best explained in terms of interhemispheric interactions. While our findings corroborate the importance of the FEF for top-down attentional control of posterior alpha and gamma oscillations, the precise network dynamics arising from inter-and intrahemispheric connections within the dorsal attention network are not yet fully understood. Future studies should therefore attempt to more tightly link oscillatory properties of the dorsal attention network to the underlying anatomy, considering both corticocortical (Thiebaut de Schotten et al., 2011) and corticothalamocortical connections (Saalmann and .
